E2 conjugating enzymes are the central enzymes in the ubiquitination pathway and are responsible for the transfer of ubiquitin and ubiquitin-like proteins on to target substrates. The secondary structural elements of the catalytic domain of these enzymes is highly conserved, including the sequence conservation of a three-residue HPN (His-Pro-Asn) motif located upstream of the active-site cysteine residue used for ubiquitin conjugation. Despite the vast structural knowledge of E2 enzymes, the catalytic mechanism of these enzymes remains poorly understood, in large part due to variation in the arrangements of the residues in the HPN motif in existing E2 structures. In the present study, we used the E2 enzyme HIP2 to probe the structures of the HPN motif in several other E2 enzymes. A combination of chemical-shift analysis, determination of the histidine protonation states and amide temperature coefficients were used to determine the orientation of the histidine ring and hydrogen-bonding arrangements within the HPN motif. Unlike many threedimensional structures, we found that a conserved hydrogen bond between the histidine imidazole ring and the asparagine backbone amide proton, a common histidine protonation state, and a common histidine orientation exists for all E2 enzymes examined. These results indicate that the histidine within the HPN motif is orientated to structurally stabilize a tight turn motif in all E2 enzymes and is not orientated to interact with the asparagine side chain as proposed in some mechanisms. These results suggest that a common catalysis mechanism probably exists for all E2 conjugating enzymes to facilitate ubiquitin transfer.
INTRODUCTION
E2 conjugating enzymes are central components in the Ub (ubiquitin) and Ubl (Ub-like) post-translational modification pathways. These enzymes are responsible for accepting a ubiquitin protein from an E1 enzyme and for passing the ubiquitin on to either a substrate (in conjunction with a RING E3 ligase) or directly to a HECT (homologous with E6-associated protein C-terminus) E3 ligase. Thus E2 proteins must possess recognition sequences and structures for both the E1 and E3 enzymes, and potentially a substrate. The tertiary structures of E2 conjugating enzymes are highly conserved, consisting of a central 150 amino acid α/β-fold catalytic domain. Despite the analogous structures of E2 catalytic domains, the sequence identity of E2 enzymes is not well conserved, allowing for a wide diversification of surface interaction sites for various E3 enzymes and substrates. On the other hand, all E2 enzymes contain an essential active-site cysteine residue responsible for the formation of a thiolester linkage with the C-terminal carboxylate of a Ub/Ubl protein. E2 enzymes also contain a highly conserved HPN (His-Pro-Asn) sequence motif found upstream of the active-site cysteine residue. Mutational analysis has found that the asparagine residue within this HPN motif is indispensable for the transfer of the E2 thiolesterlinked Ub/Ubl to a lysine residue on either a substrate or growing Ub chain [1, 2] . This residue has been proposed to stabilize an oxyanion intermediate formed within an E2∼Ub/Ubl thiolester during the nucleophilic attack of a substrate lysine residue [1] [2] [3] . In this mechanism, the asparagine side chain NH 2 group interacts with the thiolester carbonyl to both stabilize the anionic (oxyanion) intermediate and properly orient the carbonyl carbon atom for the nucleophillic attack by a substrate lysine residue. This oxyanion intermediate stabilization would also aid in the transfer of Ub/Ubl from the E2 to the active-site cysteine residue in a HECT E3 ligase forming an E3∼Ub/Ubl thiolester. In some mechanisms, the HPN histidine imidazole ring has been proposed to interact with the HPN asparagine side chain to regulate the electronic nature of the amide group, which would contribute to oxyanion hole stabilization [4] . This electronic affect could be accomplished through either hydrogen bonding or switching between acidic and basic states of histidine. Mutational analysis of the histidine residue within the conserved HPN motif of the E2 enzyme Ubc13 led to a 50 % decrease in reactivity, indicating that the histidine contributes to full E2 enzyme activity [1] .
High-resolution structures of 25 different human E2 conjugating enzymes have been determined using X-ray crystallography and NMR spectroscopy. Despite this wealth of high-resolution information, there is no consensus structural arrangement of the HPN side chains within the catalytic site. This is surprising since variations within the HPN motif structure would significantly alter the electronic nature within the catalytic pocket and would result in mechanistic inconsistencies within the E2 enzyme family for the transfer of a Ub/Ubl protein on to its substrate. In the present study we analysed the three-dimensional structures of all known E2 enzymes and combined these data with NMR chemical-shift and temperature coefficient measurements to identify the arrangement of the histidine and asparagine residues within the HPN motif.
in HIP2 (HIP2 C170S ) was introduced using the QuikChange ® site-directed mutagenesis protocol (Stratagene). A second round of substitutions was performed using the QuikChange ® protocol to convert the protease cleavage site between the N-terminal His 6 tag and HIP2 from thrombin into TEV (tobacco etch virus). Protein substitutions and cleavage site changes were confirmed by DNA sequencing.
Protein expression and purification

Uniformly
15 N, 13 C-labelled Ubc1 (Ubc1 K93R ), CDC34 (residues 7-182), UbcH8 (UbcH8 C97,101S ) and UbcH7 (UbcH7 C17,137S ) proteins were expressed and purified as described previously [5] [6] [7] [8] . For the production of uniformly 15 [9] , HNCA [10] , HN(CO)CA [11] , HNCACB [12] , CBCA(CO)NH [13] , C(CO)NH [14] and HNCO [15] experiments. Chemical-shift values of C δ2 atoms and N ε2 atoms in histidine side chains were assigned using (HB)CB(CGCD)HD [16] , HCN [17] and 13 C-HSQC [18] NMR experiments. To calculate E2 enzyme amide proton temperature coefficients ( σ HN / T) [19, 20] HPO 4 , 100 mM NaCl, 1 mM EDTA and 1 mM DTT (pH 7.0); (iv) UbcH7 (649 μM) in 25 mM Tris/HCl, 100 mM NaCl, 1 mM EDTA and 1 mM DTT (pH 7.0); and (v) UbcH8 (634 μM) in 20 mM Na 2 HPO 4 , 50 mM arginine/glutamate, 100 mM NaCl, 1 mM EDTA and 1 mM DTT (pH 7.0). All data were processed using NMRPipe and NMRDraw [21] and analysed with NMRView [22] . 
RESULTS
Structures of 25 out of the 34 human E2 enzymes have been determined using X-ray crystallography or NMR spectroscopy (81 structures in total). These structures reveal that the catalytic domain of all E2 enzymes is composed of an α/β fold, comprising four well-defined α-helices (α1-α4) and four β-strands (β1-β4) ( Figure 1A ). This conserved domain contains an active-site catalytic cysteine residue that forms a thiolester linkage with the C-terminus of Ub/Ubl proteins. The catalytic cysteine residue is found within a region of the protein that possesses little regular secondary structure with the exception of a short poorly defined helix neighbouring the cysteine residue. Also located within this region is the HPN motif, which is found in 65 % of all E2 enzymes and is 100 % conserved within the twelve E2 enzymes that have both high-resolution structure solutions and NMR chemical-shift assignment data ( Figure 1B ). This HPN motif forms a tight turn adjacent to the active-site cysteine residue. The asparagine residue in this HPN motif has been suggested to stabilize an oxyanion intermediate formed on the E2-Ub/Ubl thiolester during nucleophilic attack by a substrate lysine [1] [2] [3] .
Despite the sequence conservation of the HPN motif in E2 proteins and its integral role in catalysis, it is surprising that important structural differences exist within this motif in the highresolution structures available. These differences were initially observed during the comparison of multiple high-resolution structures of the E2 enzyme HIP2. . (C) Ubc2b, UbcH5A, UbcH5B, Ube2g2, Ubc9, UbcH8 (model A), Ubc13 and Ube2S adopt HPN motif hydrogen-bonding patterns similar to (A). Structures adopting configurations equivalent to (C), but not shown, include HIP2 (PDB code 2BF8), Ubc2b (PDB code 2YBF), UbcH5A (PDB codes 3OJ4 and 2YHO), UbcH5B (PDB code 1UR6, 3A33, 3TGD, 2CLW, 3L1Y, 3JVZ and 3EB6), Ube2g2 (PDB codes 3FSH and 3H8K), Ubc9 (PDB codes 2GRN, 1Z5S, 1U9B, 2O25, 2PE6, 1KPS, 1U9A and 2VRR), UbcH8 (PDB codes 1WZW and 2KJH), Ubc13 (PDB codes 3HCT and 3HCU), CDC34 (PDB codes 2OB4 and 3RZ3), Ube2U (PDB code 1YRV), UbcH10 (PDB code 1I7K), UbcH5c (PDB codes 3RPG and 3L1Z), Ube2g1 (PDB code 2AWF) and Ube2H (PDB code 2Z5D). (D) S.c. (S. cerevisiae) Ubc1, S.c. Ubc2, UbcH5A, UbcH5B, UbcH7, UbcH8 (model B), Ubc13 (model E) and S.c. Ubc13 adopt HPN motif structures that retain interactions between the histidine and asparagine side chains similar to (B). Structures adopting configurations equivalent to (D), but not shown, include HIP2 (PDB codes 1YLA, 3K9P, 2O25 and 3K9O), Ubc1 (PDB codes 1TTE and 1FXT), Ubc2b (PDB code 2Y4W), UbcH5B (PDB code 1W4U), UbcH7 (PDB code 1FBV) and Ubc13 (PDB codes 1JBB and 1JAT). Proposed hydrogen bonds are shown with grey or green bars. Oxygen, nitrogen, carbon and sulfur atoms are coloured red, blue, grey and yellow respectively. The PDB code for each respective structure is listed beside the E2 enzyme name.
backbone amide proton no longer forms a hydrogen bond with any of its neighbouring residues. Although illustrated for HIP2, these architectural differences are representative of all E2 enzyme structures. A survey of three-dimensional E2 enzyme structures from the PDB indicates that 54 structures adopt the HPN histidine ring orientation, consistent with Figure 2 Supplementary Table   S1 at http://www.BiochemJ.org/bj/445/bj4450167add.htm). For example, HIP2 structures are found with the histidine ring orientation shown in Figure 2 (B) at pH 6 (PDB code 3E46) and pH 8.5 (PDB code 3K9C), whereas UbcH5B structures in both orientations occur near pH 4.5. These results show that the difference in structures with regard to the HPN motif is not a result of experimental crystallization or NMR conditions used during the structure determination.
Although both histidine orientations shown in Figure 2 are possible, an interaction between the histidine and asparagine side chains within the HPN motif ( Figure 2B ) has been suggested to have a catalytic role in stabilizing the oxyanion hole [4] . Disruption of the proposed oxyanion hole can be caused when the orientation of the asparagine side chain becomes flipped, in some cases due to hydrogen bonding using the δ-tautomer of the HPN histidine ( Figure 2D ). Given the functional importance of the HPN motif and the significant discrepancies between structures, identifying the arrangement of the histidine ring, its proper tautomeric state, and its hydrogen-bonding network with the asparagine or other residues will be important in proposing mechanisms for catalysis across the family of E2 enzymes.
Conserved environment of the HPN asparagine residue in E2 enzymes
As a first step towards identifying potential hydrogen-bonding patterns in the HPN motif, the backbone NH resonance assignments for HIP2 were completed using standard triple-resonance experiments. [25, 26] , UBE2L3 (UbcH7) [8] , UBE2L6 (UbcH8) [7] and CDC34 (D.E. Spratt and G.S. Shaw, unpublished work) also demonstrate the conservation of this distinctly downfieldshifted asparagine amide proton (Figure 3) . A survey of the BMRB revealed that NMR chemical-shift assignments are available for seven other E2 enzymes including UBE2B (Ubc2b) [27] , UBE2D1 (UbcH5A) [28] , UBE2D2 (UbcH5B) [29] , UBE2G2 (Ubc7) [30] , UBE2I (Ubc9) [31] , UBE2N (Ubc13) [32] and UBE2S (Ube2S) [33] . Without exception, these E2 conjugating enzymes all possess the same distinctive downfield-shifted amide proton resonance for the asparagine residue within the HPN motif (Table 1) . Therefore, unlike the three-dimensional structures, these results indicate that a similar environment exists for the backbone amide proton of the asparagine residue within the HPN motif of all E2 conjugating enzymes.
The downfield-shifted asparagine amide proton resonance within the HPN motif can be rationalized by a close inspection of a subset of available E2 conjugating enzyme structures. Hydrogen bonds are known to have a significant deshielding effect on amide protons [34] . In HIP2, the highly deshielded Asn 83 amide backbone proton is consistent with the His 81 N δ1 hydrogen bond shown in Figure 2 (A), whereas this hydrogen bond is absent in Figure 2 (B). The geometry of this hydrogen bond also places the Asn 83 amide (H N ) proton in plane with the His 81 aromatic ring current, which also contributes to the deshielding effect [35] . Since the E2 conjugating enzymes Ubc1, Ubc2b, UbcH5A, UbcH5B, Ube2g2, Ubc9, UbcH7, UbcH8, Ubc13, CDC34 and Ube2S all contain a similarly distinct asparagine backbone amide proton chemical shift (Table 1) , it is likely that all of these enzymes adopt a structure similar to that shown in Figure 2(A) . A similar hydrogen bond between a backbone amide proton and a histidine N δ1 atom has previously been observed in the unrelated protein BsCM (Bacillus subtilis chorismate mutase) [36] , where the amide proton chemical shift for Arg 7 was reported at 11.88 p.p.m.
Histidine protonation state within the HPN motif
One requirement for a hydrogen bond between the H N atom and N δ1 atoms of the asparagine and histidine residues within the HPN motif is that the histidine residue must exist as an ε-tautomer (N δ1 deprotonated, N ε2 protonated). In order to identify the tautomeric state of the histidine ring in the HPN motif, we conducted NMR experiments aimed at identifying the protonation states of histidine N δ1 and N ε2 atoms for several E2 enzymes including HIP2, Ubc1, UbcH7, UbcH8 and CDC34. The tautomeric state of a histidine side chain can be identified by several key chemicalshift values for the atoms within the imidazole ring, since these atoms are sensitive to the protonation state. †Results from the present study from HIP2, UbcH8, UbcH7, Ubc1 and CDC34. ‡Data from [29] . §Data from [30] .
were found between 164.3 and 167.0 p.p.m. within 2 p.p.m. of ∼165 p.p.m. indicating that the N ε2 atom is protonated. Correspondingly the N δ1 atom must be deprotonated, although this resonance could only be observed directly for Ube2g2 [30] . Therefore the chemical shift values observed in Table 1 are consistent with an ε-tautomeric state in all E2 enzymes examined. This analysis is in agreement with conclusions for Ube2g2 where the HPN histidine residue was found to be exclusively in the ε-tautomer over a broad pH range of 6.5-9.5 [30] .
These results indicate that the HPN histidine residue adopts the ε-tautomeric form needed to provide a deprotonated N δ1 atom for hydrogen bonding. Furthermore, the conserved deshielded H N amide backbone proton for the asparagine residue is conserved in all E2 enzymes (Table 1) . These data support a structure where all E2 enzymes possess a hydrogen bond similar to that depicted between His 81 N δ1 and Asn 83 H N in HIP2 shown in Figure 2 (A).
NMR temperature coefficients support a conserved hydrogen bond within the HPN motif
Backbone amide protons that participate in hydrogen bonds can be identified within a protein by measuring the change in chemical shift as the temperature is adjusted. Amide temperature coefficients ( σ HN / T) were measured for UbcH7, UbcH8, HIP2, Ubc1 and CDC34 by collecting a series of HSQC spectra between 5 and 30 • C. As shown for HIP2 (Figures 4 and 5) , linear chemical-shift profiles are found for His 81 and Asn 83 within the HPN motif. The amide temperature coefficients measured for HIP2 ( Figure 4) show a large number of residues with coefficients larger than − 4.6 p.p.b./K, a value proposed to be indicative of hydrogen bonding [19, 20] . This observation is consistent with the secondary structure of HIP2, which shows four α-helices and four β-strands within its first 150 residues that display a network of hydrogen bonds. Within the HPN motif of HIP2, Asn 83 ( σ HN / T = − 2.58 p.p.b./K) falls well within the range expected for a hydrogen bond [19, 20] . As expected from an examination of HIP2 structures, the temperature coefficient for His 81 ( σ HN / T = − 8.64) suggests that its amide is not involved in a hydrogen bond regardless of the histidine imidazole ring orientation (Figure 2) . The arrangements of the HPN motif in all enzymes indicate that all of these E2 enzymes adopt the hydrogenbonding configuration depicted in Figure 2 
Re-investigation of structural data suggests a revised histidine orientation
Since our NMR results indicated consistent hydrogen-bonding arrangements between the histidine side chain N δ1 atom and the asparagine backbone amide proton, we re-investigated this portion of the structure for all 81 E2 structures in the PDB. Each structure was analysed manually to measure the existing hydrogen bond and using MolProbity [42] to assess the orientation of the histidine ring in a given set of co-ordinates (see Supplementary Table  S2 at http://www.BiochemJ.org/bj/445/bj4450167add.htm). This analysis showed that hydrogen bonds, consistent with Figure 2 Figure 2 (B) to that for the arrangement depicted in Figure 2(A) . These two analysis steps further support a hydrogen-bonding configuration for all E2 enzymes that involves the histidine side chain N δ1 atom and the asparagine backbone amide proton (H N ) within the HPN motif.
DISCUSSION
The variations in the orientation of the histidine ring within the HPN motif, shown in multiple three-dimensional structures of E2 enzymes to date, is surprising given the importance of these residues to Ub transfer. Although some mechanistic details have been proposed for Ubc9 [2, 3, 43] , a common framework suggested by the consensus sequences of E2 enzymes near the catalytic site has not been possible due in part to the structural differences within these proteins. However, NMR studies performed on 12 different E2 conjugating enzymes consistently yield a uniquely downfieldshifted backbone amide proton resonance for the HPN asparagine residue. These results support a single histidine ring orientation, whereby a hydrogen bond is formed between the HPN histidine N δ1 atom and asparagine amide proton (H N ). In addition, seven E2 enzymes display chemical shifts that support an ε-tautomeric histidine, and five E2 enzymes have amide temperature coefficients consistent with the presence of a hydrogen bond to the asparagine amide proton. This HPN architecture is supported by previous computer modelling experiments that optimize the HPN hydrogen-bonding network [44] . The E2 enzymes assessed cover a broad range of isotypes and functions, and include class I E2 enzymes (Ubc2b, UbcH5A, UbcH5B, Ube2g2, Ubc9, UbcH7, UbcH8, Ubc13 and Ube2S), class II enzymes (HIP2, Ubc1, CDC34), E2 enzymes containing an additional acidic loop (CDC34 and Ube2g2), and Ubc9 involved in SUMOylation. Unlike the threedimensional structures currently available, these results provide strong evidence that all E2 enzymes contain a hydrogen bond between the histidine side chain N δ1 atom and the asparagine backbone amide proton (H N ) within the HPN motif. This observation would point to a common mechanism for Ub transfer used by all E2 enzymes.
Relationship to existing mechanisms
Many of the high-resolution E2 structures depict the protonated N ε2 atom of the HPN histidine residue with a hydrogen bond to the O δ1 of the asparagine amide side chain. This interaction would affect the electronic nature of the amide amino-group and could contribute to stabilizing the anionic (oxyanion) intermediate of the thiolester and properly orientating the thiolester for nucleophillic attack by a substrate lysine [4] . In this work the identification of a hydrogen bond between the HPN histidine N δ1 atom and HPN asparagine amide proton (H N ) precludes the interaction between the histidine side chain and the asparagine side chain in E2 enzymes. This observation suggests that histidine is not directly involved in stabilizing a thiolester intermediate.
The specific HPN hydrogen bond identified in the present study is also retained during thiolester formation, as the distinct downfield shift of the asparagine amide proton is maintained in Ubc1 upon Ubc1∼Ub thiolester formation (K.S. Hamilton and G.S. Shaw, unpublished work). A similar conclusion is reached for Ubc13∼Ub ester bond formation [45] and disulfide mimics between Ub and several E2 enzymes (HIP2-Ub, CDC34-Ub, UbcH8-Ub) (B.W. Cook and G.S. Shaw, unpublished work; D.E. Spratt and G.S. Shaw, unpublished work) [7] . These results show that significant orientational changes, rotation or a change in the protonation state of the histidine side chain does not occur upon E2∼Ub thiolester intermediate formation. These results support the notion that the histidine residue is not directly used for E2∼Ub thiolester intermediate stabilization.
A detailed active-site mechanism has been proposed for the E2 enyzme Ubc9 [2, 3, 43] . This mechanism, using the same specific HPN hydrogen bond determined in the present study, has shown Ubc9 in complex with a SUMOylated (Ubl-linked) substrate where the HPN asparagine residue is positioned within hydrogen-bonding distance (3 Å) of the carbonyl of the peptide bond (formerly thiolester) after nucleophillic attack to a substrate lysine residue [43] . Additionally, the structure of a UbcH5b∼Ub ester, which also incorporates the same HPN hydrogen bond, positions the HPN asparagine residue within hydrogen-bonding distance to stabilize the thiolester oxyanion and orientate it for nucleophilic attack [46] . These two structures indicate that the HPN asparagine side chain can act catalytically to stabilize a thiolester intermediate while incorporating the specific HPN hydrogen bond determined in the present study. Since the present study implicates a common hydrogen bond for all E2 enzymes, this would suggest that the mechanism proposed for Ubc9 may be a more general mode of catalysis used by other E2 enzymes as well.
Role of the histidine residue in the HPN motif
We propose that the central role of the HPN histidine residue is to hydrogen bond to the asparagine backbone to stabilize the HPN tight turn architecture. In this role, histidine would act as a structural participant only and have little direct influence on catalysis of Ub transfer. When the HPN histidine N δ1 atom hydrogen bonds to the asparagine amide proton (H N ), an additional hydrogen bond is formed between the histidine protonated N ε2 nitrogen and a backbone carbonyl on the Cterminal end of α2. Additionally, this histidine residue is predominantly buried in the hydrophobic centre of E2 enzymes. These factors all contribute to a conserved positioning of the HPN motif near the active site. Previous experiments where the HPN histidine residue was substituted with alanine in the E2 enzyme Ubc13 resulted in >90 % insoluble protein expression [1] . These results may indicate that arrangement of the conserved HPN histidine is crucial for structural stability, as the removal of histidine would disrupt the histidine interaction with α2 and disrupt the HPN tight turn architecture afforded by the asparagine hydrogen bond. The result implies that the histidine residue is not used catalytically, but that active-site instability might reduce enzyme activity [1] . We propose that a highly stable HPN structure is dependent on the specific histidine orientation determined in the present study, and that this architecture properly positions the HPN asparagine for interactions with Ub/Ubl thiolester intermediates to allow conjugation of Ub/Ubl proteins on to substrates.
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